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Objective: Tracheal reconstruction continues to pose a significant challenge in thoracic surgery. The study
objective was to develop a novel method to eliminate the antigenicity of tracheal allografts by using vitrified cryo-
preservation and present the experimental results after cervical tracheal replacement in rabbits.
Methods: Fifteen New Zealand rabbits, irrespective of gender, weighing 2.5 to 3.0 kg, were randomly divided
into 3 groups: (A), the experimental group (n¼ 5), tracheal allotransplantation after 4 weeks of vitrified cryopres-
ervation; (B), the negative control group (n ¼ 5), fresh tracheal autotransplantation; and (C), the positive control
group (n ¼ 5), fresh tracheal segments implanted as allografts. The patency of implanted grafts, lymphocytic in-
filtrate, cartilage scores, and ink perfusion to evaluate revascularization were used to investigate the impact of
vitrified cryopreservation on the antigenicity of tracheal grafts and vascular regeneration.
Results: Rabbits in groups A and B all had uneventful postoperative courses with patent lumens and structural
integrity, with obvious vascular regeneration and less lymphocytic infiltrate. Although in excellent condition, an-
imals were sacrificed after a short-term follow-up of 4 weeks for further examination as scheduled. In group C,
massive lymphocytic infiltrate and inflammatory cells without noticeable revascularization were observed, and
rabbits died within 2 weeks after surgery for airway stenosis or severe obstruction.
Conclusion: The antigenicity of tracheal allografts was significantly decreased by using the vitrified cryopreser-
vation method, which would be a novel alternative method to store donor trachea to make tracheal banking
possible.Immunologic rejection after tracheal allotransplantation
may result in the collapse of graft structure and loss of graft
function. Reducing the antigenicity of allografts and pro-
moting revascularization are both crucial issues in current
tracheal surgery. Kucera and colleagues1 pointed out that
cryopreservation inhibited allogenicity while structural in-
tegrity appeared to be maintained. In the present experiment,
the animal models of tracheal allotransplantation were estab-
lished to study the impact of vitrified cryopreservation on the
antigenicity of tracheal grafts. In addition, rejection, revas-
cularization, and luminal patency were also evaluated after
transplantation to provide experimental evidence and practi-
cal feasibility data for human tracheal transplantation.
MATERIALS AND METHODS
Animals and Grouping
Fifteen New Zealand rabbits, irrespective of gender, weighing 2.5 to 3.0
kg, were randomly divided into 3 groups as follows: (A), the experimental
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preservation; (B), the negative control group (n ¼ 5), fresh tracheal auto-
transplantation; and (C), the positive control group (n ¼ 5), fresh tracheal
segments implanted as allografts. All animals were provided by the Exper-
imental Animal Center of Yangzhou University.
Donor Trachea Harvesting, Cryopreservation,
and Rewarming
M199 medium solution (pH 7.4) was supplemented by 3.2 mol/L di-
methyl sulfoxide, 3.2 mol/L ethylene glycol, 0.5 mol/L sucrose, and 2.5
mol/L acetamide. The mixture was filtered and sterilized. After calf serum
albumin (20%), penicillin (100 U/mL), streptomycin (100 mg/mL), and
Amphotericin B (2.5 mg/mL) were added, the vitrification solution was
stored at 4C. From the fifth tracheal ring below the annular cartilage,
a 5-ring tracheal segment was excised, washed with physiologic saline at
4C, and incubated in penicillin (200 U/mL) and streptomycin (200 mg/
mL) for 5 minutes. Tracheal tissue was freshly autografted, freshly allog-
rafted, or allografted after cryopreservation. Trachea allografts were cryo-
preserved in 50%, 75%, 85%, and 95% vitrification solution (4C) for 8
to 10 minutes and in 100% vitrification solution for 30 minutes, immedi-
ately followed by cryopreservation in liquid nitrogen. Four weeks later,
the trachea was thawed in a thermostatic water bath at 37C for 2 minutes
and washed for approximately 5 minutes with thawing solution containing
1.0 mol/L sucrose at 4C, followed by washing with basic solution and in-
cubation in penicillin/streptomycin solution.
Cervical Tracheal Transplantation
Animals were anesthetized with an intramuscular injection of Sumianxin
II (0.2 ml/kg) under spontaneous respiration. Sumianxin II is a compound of
narcotic drugs from Changchun University of Agriculture and Animal Sci-
ences (China) that contains dihydroetorphine hydrochloride, haloperidol,
and xylidinothiazoline. The establishment of animal models in groups A,
B, and C followed the same operative procedures. With each rabbit in the
supine position, a median incision was created. The trachea, approximatelyrgery c November 2009
Shi et al Evolving Technology/Basic Science
E
T
/B
SAbbreviation and Acronym
CSA ¼ cross-sectional area
5 tracheal rings in length, was excised distal from the fifth tracheal ring
below the annular cartilage, and the tracheal fascia was exfoliated and re-
tained. The inner and outer diameters of the trachea were determined.
Both ends of the graft were anastomosed to the native trachea. The anasto-
mosis was begun by placing a row of interrupted sutures in the posterior
membranous and then in the anterolateral cartilaginous wall. The sutures
were placed at 3-mm intervals, taking approximately a 3-mm bite of trachea
on each side of the tracheal margin, with the knots tied on the outside
(Figure 1). After completion of the anastomosis, the strap muscles were
approximated in the midline to buttress the anastomosis to increase blood
supply and promote revascularization. The study protocol was approved
by the ethics and animal use committee at the Yangzhou University School
of Medicine.
Postoperative Observations and Examinations
Several parameters were observed and recorded after transplantation,
including food intake, breath, neck incision, and body mass alterations.
The causes for animal death were explored.
Measurement of Grafted Tracheal Patency
Grafted tracheal patency was represented as the patency degree of the
cross-sectional area (CSA) of the most stenotic site in the graft to the third
tracheal ring above the upper anastomosis in the recipient trachea:2 CSA ¼
(a/2)(b/2)(p) (a ¼ transverse diameter; b ¼ sagittal diameter). The ratio of
CSA before and after transplantation represented the patency degree. A pa-
tency degree of the inner cavity larger than two thirds, or stenosis smaller
than one third, was regarded as well opened and without obvious stenosis.
A patency degree of the inner cavity, or stenosis, ranging between one third
and two thirds was regarded as generally opened but with mild stenosis. A
patency degree of the inner cavity of less than one third or stenosis of more
than two thirds was regarded as barely opened with severe stenosis.
Measurement of the Cartilaginous Integrity and
Lymphocytic Infiltrate
Lymphocytic infiltrate and cartilaginous integrity were simultaneously
assessed after transplantation. According to Nakanishi and colleagues,3
the viability of the cartilage of each transplant was graded semiquantita-
tively from 0 to 3, with 0 indicating severe changes (necrotic area>70%
of a microscopic visual field), 1 indicating moderate changes (30%<ne-
crotic area< 70%), 2 indicating mild changes (necrotic area< 30%),
and 3 indicating the absence of any abnormalities. Lymphocytic infiltrate
was scored on a 1 to 3 scale, with 1 indicating minimal infiltrate (area of in-
filtrate<30% of a microscopic visual field), 2 indicating moderate infiltrate
(30%<area of infiltrate<70%), and 3 indicating severe infiltrate (area of
infiltrate>70%). Each group was blindly evaluated by a pathologist.
Assessment of Revascularization
Rabbits were sacrificed, and the vascular bed was repetitively washed us-
ing 12,500 U heparin in 500 mL normal saline until light-colored or color-
less liquid flew from the precaval vein. The proximal part of innominate
artery was ligated and perfused with ink through an arterial cannula until
ink reflux to bilateral precaval vein was observed and the vessel was fully
perfused. Thereafter, the proximal part of the precaval vein was ligated.
The samples were stored for 2 hours, and the tracheal graft was harvested
and stored at low temperature for 24 hours, followed by fixation with
10% neutral formalin. The sections were stained with hematoxylin-eosin
to evaluate revascularization.The Journal of Thoracic and CStatistical Analysis
Data are presented using mean  standard deviation and analyzed using
SPSS 13.0 software (SPSS Inc, Chicago, IL).
RESULTS
Animal Survival
Rabbits in groups A and B all had uneventful postopera-
tive courses without any severe complications, such as anas-
tomotic dehiscence, abscess formation, or graft dislocation.
Although in excellent condition, animals with a planned sur-
vival time of 4 weeks were euthanized as scheduled for
histologic evaluation. In group C, 1 rabbit developed respi-
ratory complications, such as tachypnea and stridor, on day
8 after operation, and then died on day 10 as a result of
severe stenosis adjacent to the anastomotic site and airway
obstruction with excretion. The remaining rabbits presented
similar clinical features and survived no more than 2 weeks,
dying of severe graft collapse or stenosis as a result of intra-
luminal fibrous tissue ingrowth.
Tracheal Graft Patency
Grafts in groups A and B were smooth with no signs of
granulated hyperplasia. The degree of stenosis was less
than 20%. In contrast, local thickening and stiffness of the
central canal of allografts, and secretion retention in the re-
spiratory tract, were determined in group C. The degree of
stenosis was more than 50%.
Semiquantitative Cartilage and Lymphocytic
Infiltrate Scores
The semiquantitative scores of cartilage integrity and lym-
phocytic infiltrate are shown in Table 1. The scores of carti-
lage integrity in groups A and B were significantly higher
than in group C (P<.05), whereas there were no significant
differences between groups A and B (P>.05). The lympho-
cytic infiltrate area in group A was markedly smaller than in
FIGURE 1. Animal model of tracheal orthotopic transplantation.ardiovascular Surgery c Volume 138, Number 5 1223
Evolving Technology/Basic Science Shi et al
E
T
/B
Sgroup C (P< .01), but there were no significant differences
between groups A and B (P> .05).
Pathologic Assessment
In group A (Figure 2), the neoepithelium migrated from
the recipient trachea near the anastomotic ends, but the de-
gree of re-epitheliazation varied in each animal. The tracheal
cartilaginous structure remained intact, with no obvious
lymphocyte infiltration. Several ink-perfused small vessels
were found, which grew into the cartilaginous periosteum
near the cartilaginous plates.
In group B (Figure 3), the structure of autografts was in-
tact. Many ink-perfused vessels were observed in connective
tissues of the perichondrium and mucosa. In some cases,
vessels penetrated the full thickness of vessel wall into the
tissues below mucosa, forming vascular plexus.
In group C (Figure 4), substantial monocytes and lym-
phocytes infiltration were observed in the submucosa and
surrounding vessels. Local necrosis or disintegration of car-
tilaginous plates occurred. However, no noticeable ink-
perfused vessels were observed in this group. Instead,
some collapsed or obstructed small vessels with thickened
vessel wall, surrounded by infiltrated lymphocytes.
DISCUSSION
During the past 5 decades, numerous attempts have been
undertaken to deal with the challenging problems of recon-
FIGURE 2. Pathologic characteristics of group A on day 28 after cryopre-
served allotransplantation. Tracheal cartilaginous structure was intact (black
arrow), with no obvious lymphocytes infiltration. Many ink-perfused small
vessels were found (blank arrow) (original magnification, 3200).
TABLE 1. Semiquantitative cartilage and lymphocyte infiltration
scores in each group
Group Cartilage score
Lymphocyte
infiltration score
Experimental group 2.6  0.16 0.9  0.23
Negative control group 2.9  0.10 0.3  0.15
Positive control group 2.1  0.23 2.3  0.261224 The Journal of Thoracic and Cardiovascular Sustructing long segmental tracheal defects.4,5 The spectrum of
tracheal replacement ranges from autologous tissue flaps
and patches to synthetic stents and prostheses to tissue-
engineered scaffolding.1,6 Only limited success has been
achieved experimentally and clinically as a result of anasto-
motic stenosis, immunologic rejection, local infection, pros-
thetic dislocation, and material failure.7 According to
Gubbels and colleagues,8 the ideal tracheal graft should
(1) provide adequate structural support to maintain airway
patency without the need for a luminal stent, (2) integrate
into the recipient tissue to avoid the need for removal, (3)
produce minimal inflammatory response to avoid scar
FIGURE 3. Pathologic characteristics after tracheal autotransplantation
showed that the cartilaginous plates were well retained (black arrow).
Ink-perfused small vessels were also found (blank arrow). From a rabbit
in group B on day 28 after surgery (original magnification, 3200).
FIGURE 4. In one of the specimens from group C on day 8, substantial
monocytes and lymphocytes infiltration were observed in the submucosa
and surrounding vessels, but no obvious ink-perfused vessels were
observed. Local necrosis or disintegration of cartilaginous plates occurred
(black arrow). No noticeable ink-perfused vessels were found (original
magnification, 3200).rgery c November 2009
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improved mucociliary transport, and (5) be readily available.
Mucous epithelium containing major histocompatibility
complex II antigen may play an important role in the immu-
nologic rejection response of the host to the tracheal graft.
Several authors have reported that tracheal allograft treated
by different cryopreserved methods can be used for tracheal
allotransplantation.9-13 These excellent results have sug-
gested that cryopreservation leads to the loss of the mucous
epithelium from the tracheal allograft, and consequently
reduces the immunogenicity. In our previous study,14
hematoxylin-eosin staining, terminal deoxynucleotidyl
transferase-mediated dUTP-digoxigenin nick end-labeling
staining, transmission electron microscopy, and scanning
electron microscopy were conducted to assess the effective-
ness of vitrified cryopreservation on rabbit trachea by com-
paring the vitrification process with the conventional
computer-programmed slow freezing procedure. The results
in our prior work showed that vitrification was less detrimen-
tal to cartilage cells and had a higher survival of chondro-
cytes and coverage of epithelium and cilia, which has
proved the feasibility of vitrification as a storage method.
Conventional cryopreservation methods with a controlled
slowing cooling rate, generated by the computer-pro-
grammed freezing device, decreased the ice-crystal forma-
tion, but ice formation was unavoidable to a certain extent,
which had hazardous effects to matrix and parenchyma cells
such as chondrocytes. In the vitrification method with
a high-density vitrification solution combined with rapid
freezing, the liquid turns into a solid and non-crystallized
vitrina, which forms minimal or no ice crystals. This avoids
injury to cells by minimizing damage to lipid membranes
and cytoskeletal structures.15-17
In the present study, tracheal replacement of vitrified allo-
graft was performed, and immunologic rejection and revas-
cularization after transplantation were observed. Our study
revealed that the cryopreserved tracheal allografts main-
tained a complete structure and a patent lumina, with less re-
jection-related lymphocyte infiltration compared with fresh
allotransplantation. The scattered small vessels below the
mucosa and periosteum indicated that vitrification reduced
immunologic rejection and promoted revascularization of
the grafts. This aided graft survival and luminal patency,
and improved airway reconstruction. In addition, epithelium
of the recipient trachea migrated irregularly and gradually
from the anastomosis site to the donor trachea, but it was
not confluent throughout the lumen during the observation
period of 4 weeks. Nakanishi and coworkers3 previously re-
ported that epithelial morphology was also valuable in the
diagnosis of rejection after transplantation. Genden and co-
workers18 demonstrated that recipient-derived tracheal epi-
thelium migrated into the proximal donor segment within
21 days after transplantation regardless of the state of immu-
nosuppression, and this process appeared to protect the graftThe Journal of Thoracic and Calumen from obliteration. It is believed that the failure of this
process to occur leads to an irreversible obliterative re-
sponse. Accordingly, only animals undergoing vitrified
grafting survived during the planned period up to 4 weeks,
whereas those in the fresh allotransplantation group died
of respiratory tract obstruction less than 2 weeks after sur-
gery. The rejection responses after tracheal transplantation
reached a peak within 2 weeks after the operation, leading
to graft structure disintegration and collapse, and the loss
of the airway. This experiment also demonstrated that vitri-
fied tracheal allografts effectively reduced immunologic re-
jection responses and prolonged animal survival compared
with the positive control group.
Genden and colleagues18 previously showed that lympho-
cytic infiltrate positively correlates with allograft-induced
immunologic rejection. The histologic appearances in our
study revealed that lymphocytic infiltrate primarily was
noted in the submucosa and surrounded by small vessels
near the cartilaginous periosteum. The rejection resulted in
mucosal epithelium shedding and structural damage in
mixed glandular organs below the mucosa. In addition, re-
jection induced vessel damage, or embolism, and revascular-
ization disturbance. This further aggravated the ischemia/
hypoxia state of the grafts, resulting in cartilage collapse,
disintegration, and luminal stenosis. Further studies are
also needed to focus on the alleviation of damage to tissue
and cells, and to maintain survival of chondrocytes.
CONCLUSIONS
Vitrified cryopreservation is a novel alternative method to
store donor trachea to make tracheal banking possible, al-
though the issues of longer follow-up and allograft patency
remain to be addressed in the near future.
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